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We present a straightforward and computationally cheap method to obtain the phonon-assisted pho-
tocurrent in large-scale devices from ﬁrst-principles transport calculations. The photocurrent is calculated
using the nonequilibrium Green’s function with light-matter interaction from the ﬁrst-order Born approx-
imation, while electron-phonon coupling (EPC) is included through special thermal displacements. We
apply the method to a silicon solar-cell device and demonstrate the impact of including EPC in order
to properly describe the current due to the indirect band-to-band transitions. The ﬁrst-principles results
are successfully compared to experimental measurements of the temperature and light-intensity depen-
dence of the open-circuit voltage of a silicon photovoltaic module. Our calculations illustrate the pivotal
role played by EPC in photocurrent modeling to avoid underestimation of the open-circuit voltage, short-
circuit current, and maximum power. This work represents a recipe for computational characterization
of future photovoltaic devices including the combined eﬀects of light-matter interaction, phonon-assisted
tunneling, and the device potential at ﬁnite bias from the level of ﬁrst-principles simulations.
DOI: 10.1103/PhysRevApplied.10.014026
I. INTRODUCTION
Photovoltaics (PV) represents a promising technology
as a replacement for the burning of fossil fuels. In the
past couple of decades, many promising thin-ﬁlm absorber
materials have been discovered, all of them with unique
strengths and weaknesses. CdTe and copper indium gal-
lium selenide [CIGS, CuIn(1−x)Ga(x)Se2] can produce high
eﬃciencies, but include rare and toxic elements, while
copper zinc tin sulﬁde (CZTS, Cu2ZnSnS4) includes only
nontoxic earth-abundant elements, but suﬀers from low
eﬃciency and open-circuit voltage (VOC) [1–4]. Clearly,
there is still room for the discovery of new materials to
improve on the cost-eﬃciency relationship. The ﬁeld of
computational material science has seen massive progres-
sion, and as a result the diﬀerence between the system
size and complexity attainable in simulations and experi-
ments is becoming smaller every day. Recently, a review
was published on the design of new materials using ﬁrst-
principles calculations [5]. Here, it is stressed how the
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abundance of candidate materials together with the lack
of eﬃcient devices highlight the need for eﬃcient pre-
dictive device calculations. Continuum models are used
extensively in the ﬁeld of PV to extract benchmark param-
eters from measurements on devices and to predict the
performance of new device geometries [6]. It is diﬃ-
cult to include important eﬀects such as conﬁnement of
electrons and phonons, surface eﬀects, and strain in the
continuum models. These eﬀects can, however, be cap-
tured using atomistic models based on density-functional
theory (DFT). DFT combined with the nonequilibrium
Green’s function (NEGF) formalism [7–9] has, for exam-
ple, previously been used to improve a continuum-model
study of transport through the interface between CZTS
and the buﬀer material CdS, which is important for CZTS
solar-cell eﬃciency [10,11]. In spite of the inﬂux of new
thin-ﬁlm-based PV cells, silicon remains the market leader
and about 90% of PV cells are still based on silicon, where
large modules with high eﬃciency and stability can be
produced [1].
Silicon has an indirect band gap and as such, in order
to conserve momentum, absorption of a photon below
the fundamental direct gap energy must be accompanied
by the absorption or emission of a phonon. A number
of recent studies also show that EPC plays a key role
in the outstanding performance of PV cells based on
direct-band-gap perovskites [12–15].
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The study of phonon-assisted photon absorption from
ﬁrst principles is notoriously diﬃcult as it involves a
double sum over ﬁne grids of k points and complex
two-excitation processes. Therefore state-of-the-art DFT
calculations of phonon-assisted absorption have so far
been limited to bulk crystals where the supercell con-
tains only a few atoms [16–18], while empirical mod-
els have been used for studies of realistic devices [19].
Recently, Zacharias and Giustino [18] introduced a very
eﬃcient method for including phonon-induced absorption
processes using a single supercell calculation in which the
atoms are displaced away from their equilibrium positions.
We recently adopted this special-thermal-displacement
(STD) approach to study electron transport in silicon sys-
tems with over 1000 atoms, including electron-phonon
coupling within the DFT NEGF formalism [20].
In this paper we apply STD to calculations of the ﬁrst-
order photocurrent in a 19.6-nm silicon p-n junction from
DFT NEGF. In this way we are able to capture the phonon-
assisted absorption over the indirect band gap of silicon
and study directly the eﬀect of temperature on the perfor-
mance of the device. In the following section, we sum-
marize the methodology used to calculate the photocurrent
using the ﬁrst-order Born approximation and the inclusion
of EPC through the STD approach. Exhaustive deriva-
tions of the important equations can be found in previous
publications [18,20–23].
II. METHOD
We calculate the photocurrent as a ﬁrst-order pertur-
bation to the electronic system caused by the interaction
with a weak electromagnetic ﬁeld. The electron-photon
interaction is given by the Hamiltonian
H ′ = e
m0
A · P, (1)
where A is the vector potential and P is the momentum
operator. For a single-mode monochromatic light source,
we have [21]:
A = e
(

√
μ˜r˜r
2Nω˜c
F
)1/2
(be−iωt + b†eiωt), (2)
where μ˜r is the relative permeability, ˜r is the relative per-
mittivity, ˜ is the permittivity, ω is the frequency of the
light, F is the photon ﬂux, N is the number of photons, b†
and b are the bosonic creation and annihilation operators,
and e is a unit vector giving the polarization of the light.
Using the standard Meir-Wingreen formula [24] and
including only ﬁrst-order terms in F , we arrive at an
expression similar to Fermi’s golden rule for the current
into the left (L) and right (R) leads due to absorption of
photons [23,25]:
Iα = eh
∫ ∞
−∞
∑
β=L,R
[1 − fα(E)]fβ(E − ω)T−α,β(E)
− fα(E)[1 − fβ(E + ω)]T+α,β(E)dE, (3)
T−α,β(E) = N Tr{M †A˜α(E)MAβ(E − ω)}, (4)
T+α,β(E) = N Tr{MA˜α(E)M †Aβ(E + ω)}, (5)
where α ∈ L,R, fα is the Fermi-Dirac distribution function
of lead α, Aα = GαG† is the spectral function of lead α,
A˜α = G†αG is the time-reversed spectral function of lead
α, and the electron-photon coupling matrix is
Mml = em0
(

√
μ˜r˜r
2Nω˜c
F
)1/2
e · Pml. (6)
The total photocurrent is then calculated as Iph = IL − IR.
The retarded G and advanced G† Green’s functions, the
spectral broadening of the leads α , and the momen-
tum operator P are calculated self-consistently from DFT
NEGF simulations of the silicon p-n junction device.
The temperature-dependent EPC is included through a
single displacement of the atomic positions according to
[18,20]
uSTD(T) =
∑
λ
(−1)λ−1σλ(T)eλ, (7)
where eλ is the eigenvector of phonon mode λ and the
Gaussian width σ is given by
σλ(T) = lλ
√
2nλ(T) + 1, (8)
where nλ(T) and lλ =
√
/2Mp	λ are the Bose-Einstein
occupation and vibrational characteristic length of mode
λ with frequency 	λ. Phonon modes are obtained using
a supercell method [26–28]. The conﬁguration displaced
according to Eq. (7) gives the correct thermal average
of the Landauer conductance and the optical absorption
for suﬃciently large systems with many repetitions of the
same unit cell [18,20].
In summary the total current at bias V and temperature
T is calculated as follows:
I(V,T) = I0[V, uSTD(T)] + Iph[V, uSTD(T)], (9)
where I0 is the dark current coming from the applied
bias. By displacing the atomic coordinates once according
014026-2
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FIG. 1. (a) Structure and cell used in the calculation of the
19.6-nm silicon p-n junction, with n = 2 × 1019 cm−3. (b) Local
density of states along the transport direction of the silicon p-n
junction on a logarithmic scale.
to Eq. (7), calculating, and adding the two current
contributions, we get the current under illumination of a
single frequency of light. To calculate the total current
under sunlight illumination, we integrate the current over
frequency with the ﬂux F given by the AM1.5 reference
spectrum. All DFT NEGF calculations in this study were
performed using the ATK DFT software [29–31], with the
SG15-low basis set and 11 × 11 (21 × 21) k points in the
electronic structure (transport) calculations. DFT within
the local-density approximation (LDA) or the generalized-
gradient approximation (GGA) to the exchange-correlation
potential is known to underestimate the band gaps in semi-
conductors. In order to overcome this band-gap problem,
we used the GGA+1/2 exchange-correlation method [32],
which yields accurate band structures for a wide range
of materials with the same computational eﬀort as nor-
mal GGA calculations. With these parameters we obtain
an indirect band gap of 1.135 eV for pristine silicon
(neglecting zero-point motion). All phonon calculations
were performed using Tersoﬀ potentials [33,34]. Elec-
tronic doping was included by adding a charge ﬁxed at the
position of every silicon atom in the structure, as in previ-
ous work [35]. The DFT electronic structure under applied
bias was calculated self-consistently using the standard
NEGF approach [31].
III. RESULTS AND DISCUSSION
Figure 1(a) shows the considered 19.6-nm silicon p-
n junction with transport along the [100] direction. The
related local density of states is shown in Fig. 1(b) and we
can see the typical p-n proﬁle along the device, with ﬂat
bands near the electrode indicating converged screening
potentials [20,35]. Furthermore, we see that the calculated
band gap is very close to the one observed in experiments
on silicon [36].
In Fig. 2(a) we compare the photocurrent density calcu-
lated for a pristine silicon (neglecting zero-point motion)
p-n junction with that of a 300-K STD structure for
F = 1/Å2 s. The dashed lines indicate the energies of the
indirect (Eindirectg = 1.135 eV) and direct (Edirectg = 2.853
eV) band gaps of the bulk silicon structure using the
same calculational settings. First, we see that the obtained
band gap agrees well with the experimental value (1.12
eV) [36], verifying our use of the GGA+1/2 exchange-
correlation method. Second, we see that the inclusion of
EPC through the STD results in an increase in photocurrent
from the indirect transition of about two orders of mag-
nitude. The photocurrent as a function of photon energy
at 300 K compares well to previous calculations of the
absorption coeﬃcients in bulk silicon, where EPC was
included in the same way [18]. Temperature eﬀects on
the electronic structure are included in the STD method,
and indeed we see a ﬁnite photocurrent at photon energies
below the bulk band gap corresponding to a reduction in
the band gap with temperature. In addition to the ﬁnite-
temperature renormalization of the band gap, we obtain
the actual photocurrent of the transport setup assisted by
band-to-band tunneling and including the device potential
at ﬁnite bias. Unlike calculations on bulk silicon, we see
here a small ﬁnite contribution to the photocurrent com-
ing from the indirect transition even without EPC. This
we trace back to symmetry breaking by the ultrathin p-n
junction and the resulting device potential along the [100]
direction. This current contribution is analyzed in more
detail in the Supplemental Material [37]. In simulations
based on the bulk-silicon band structure, such transitions
VOC
(b)(a) FIG. 2. (a) Calculated photocur-
rent density for the pristine (blue
dashed) and STD displaced (red
solid) system, where F = 1/Å2 s
and V = 50 mV. (b) Calculated
room-temperature current density
as a function of voltage for the sil-
icon p-n junction in the dark (F =
0) and under illumination.
014026-3
M. PALSGAARD et al. PHYS. REV. APPLIED 10, 014026 (2018)
(a) (b) FIG. 3. (a) Calculated I -V
curves with (solid) and with-
out (dashed) EPC for diﬀerent
temperatures. (b) Calculated
open-circuit voltage as a func-
tion of temperature with linear
ﬁts. The green star markers
are experimental measurements
from [40]. The inset shows a
close-up near the experimental
measurements. In all calculations
and experimental values shown in
this ﬁgure, a light intensity of 1
sun was used.
would be prohibited by the opposite symmetry of conduc-
tance and valence states if not assisted by phonons. This
follows from the selection rule due to momentum conser-
vation, which is a consequence of translational symmetry.
However, in a p-n junction, the system is not transla-
tionally invariant in the transport direction, and hence
the momentum in the transport direction is not a con-
served quantity. The eﬀects of phonon-assisted tunneling,
temperature renormalization, and the device potential are
all seen to play an important role in the quantitative
photocurrent device characteristics. Regarding below-gap
transitions, a similar result was seen previously when
studying theoretically the phonon-assisted tunneling into
graphene in a scanning-tunneling-spectroscopy setup [38].
Here a ﬁnite but strongly suppressed tunneling into the
Dirac point of graphene is seen even below the thresh-
old voltage of the phonon opening the inelastic channel.
In order to generate an I -V curve, we need to calcu-
late the total photocurrent under sunlight illumination. To
that end we used the AM1.5 reference spectrum and inte-
grated the spectral current densities for a certain applied
bias.
The I -V curve of the silicon p-n junction is shown in
Fig. 2(b), with and without the addition of photocurrent. A
least-squares ﬁt of the calculated data points to the usual
expression for the current of a diode under illumination
I = Iph + I0[exp(qV/nkBT) − 1] is added. The result looks
very much like what is expected [39], with a photocurrent
being a nearly constant contribution at all applied biases.
The applied bias voltage where the illuminated I -V curve
crosses the zero-current-density line and no current is gen-
erated is known as the open-circuit voltage (VOC) and is
a measurable parameter used to benchmark solar-cell per-
formance. For crystalline-silicon PV cells, the open-circuit
voltage is known to be in the range 0.55–0.60 V [40–42]
at room temperature, in good agreement with the 0.54 V
obtained from our calculation. The short-circuit current,
obtained at zero applied bias, varies a lot depending on
the quality and device geometry of the measured solar
cell, making a direct comparison with our results diﬃcult.
The obtained 5 mAcm−2 is, however, aligned with typical
values published in the literature [41,42].
To analyze the direct impact of EPC on the device,
we plot in Fig. 3(a) the I -V curve under illumination for
the perfectly symmetric (noninteracting) silicon system
together with that of the system where atomic positions
are displaced according to STD [Eq. (7)] for diﬀerent
temperatures. Without EPC the short-circuit current den-
sity is underestimated by about 25%. Importantly, the
open-circuit voltage is signiﬁcantly underestimated with-
out EPC and one obtains VOC = 0.49 V at 300 K. The
open-circuit voltage of a PV device is an important per-
formance indicator that deﬁnes its quality and is typically
very well controlled, so a ∼10% loss at room temperature
(b)(a)
Intensity (sun)
FIG. 4. (a) Open-circuit volt-
age as a function of light
intensity at 352 K. The calcu-
lated results including EPC were
extrapolated from the ﬁtted line
in Fig. 3(b), since we did not
perform calculations at the exact
temperature measured in [40].
(b) Calculated power density as a
function of applied voltage with
(solid) and without (dashed) EPC
for diﬀerent temperatures.
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is substantial. This highlights the importance of including
phonon eﬀects in device calculations of indirect semicon-
ductor PV devices.
We will now analyze the temperature dependence of
the device characteristics, which can often be extracted
from experiments. The short-circuit current is largely con-
stant while the open-circuit voltage is degraded for higher
temperatures, due to the increased probability of carriers
tunneling through the p-n junction via electron-phonon
scattering events at bias voltages below the band gap. In
the case with no EPC, the increased current at higher tem-
peratures comes only from the temperature dependence of
the Fermi-Dirac distribution. Comparing with the results
where EPC is ignored (dashed lines), we see that the open-
circuit voltage is systematically underestimated and that
the error is larger at high temperature. It is not surpris-
ing that the inclusion of EPC is more important at higher
temperatures where the phonon population is higher. The
short-circuit current is also constant for the case with-
out EPC, but it is too low at all temperatures. Using
the results shown in Fig. 3(a), we can extract the open-
circuit voltage, which is often measured in experiments
on solar-cell devices, as a function of temperature. The
open-circuit voltage as a function of temperature with and
without the inclusion of EPC is shown in Fig. 3(b). A
linear ﬁt was performed on both data sets using least-
squares ﬁtting, and the best ﬁt was plotted alongside the
data points. For both cases, we get the expected linear
temperature dependence. The open-circuit voltage extrap-
olated to the T = 0 K point is often used in experiments
to extract the activation energy of the dominant recombi-
nation path. Here we get 1.1 V ± 0.025 V with EPC and
1.08 V ± 0.029 V without EPC, both slightly below our
calculated band gap. In Fig. 3(b) we also compare the cal-
culated results with experiments carried out by Huang et
al. [40], where the open-circuit voltage of a crystalline-
silicon PV module was measured under simulated solar
irradiation while controlling the cell temperature. The
calculated results including EPC agree nicely with the
experimental measurements. The calculated open-circuit
voltages without the inclusion of EPC are much lower
than the experimental values at all temperatures. Experi-
mental measurements of VOC performed at temperatures in
the range 100–300 K under 1.1 sun illumination [41] also
agree nicely with the values calculated including EPC (not
shown).
Lastly, we will analyze the trends with light intensity.
In Fig. 4(a) we show the calculated open-circuit voltage
for diﬀerent intensities of the light source at a tempera-
ture of 352 K and compare with experimental values from
Huang et al. [40]. Again we see that the results where EPC
is included through STD agree nicely with experimen-
tal measurements. The best agreement is seen at 0.2 sun,
which is to be expected given the assumption of a weak
ﬁeld going into Eq. (1). On the other hand, the open-circuit
voltages calculated while neglecting EPC do not agree
with the experimental values. In fact, even the results cal-
culated at 1 sun are below the experimental values, where
only an intensity of 0.2 sun is used. This underlines the piv-
otal role played by EPC in PV devices. Figure 4(b) shows
the generated power density for the p-n junction with and
without the inclusion of EPC. We see that the maximum
power and maximum power point are both underestimated
in the case without EPC.
IV. CONCLUSION
We have presented a computationally cheap method to
calculate the phonon-assisted photocurrent in large-scale
devices from ﬁrst principles. Previous studies of phonon-
assisted optical absorption using state-of-the-art methods
have been limited to bulk systems of high symmetry, where
only a handful of atoms are considered due to the computa-
tional cost. Here we study a 19.6-nm-long silicon p-n junc-
tion under working conditions with an applied bias. The
calculated current density as a function of photon energy
is similar in shape to the temperature-renormalized bulk
optical absorption of silicon calculated in previous studies
using a similar description of EPC [18]. Our results agree
nicely with experiments both for values of the open-circuit
voltages and for trends in how they scale, with temperature
and light intensity. The phonon interaction has a signif-
icant impact on the device characteristics, highlighting
the need for photocurrent transport calculations including
phonon coupling when considering devices using indirect
semiconductors as the absorber material. The combina-
tion of device simulations with photon coupling as well as
phonon coupling, through special thermal displacements,
oﬀers an appealing way forward in the diﬃcult problems of
combined light-matter interaction, phonon-assisted tunnel-
ing, temperature renormalization, and the nonequilibrium
device potential in quantitative ﬁrst-principles simulations.
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